Leucite is unique among minerals that have been exploited for K-Ar and Ar-Ar dating, in that it exhibits a major phase change at 645-665 °C, across which Ar diffusion and solubility can be studied. In addition, well-developed twinning occurs only in the low temperature form, offering further opportunity to examine the effects of crystallographic change upon Ar diffusion. Nepheline was studied to compare the effect of its 1-dimensional c-axis oriented lattice channels with the 3-dimensional channels of leucite. The amounts of Ar introduced into leucite were far higher than those observed in feldspars, allowing its analysis by electron microprobe spot traverses and X-ray maps. This has provided the Þ rst high spatial resolution 2-dimensional study of Ar distribution in a K-bearing mineral.
INTRODUCTION
The relatively high K content of many of the feldspar and feldspathoid minerals has made them targets of K-Ar and Ar-Ar dating, particularly in young volcanic systems. Sanidine has been the more-popular target for dating young volcanic rocks as some studies have shown leucite to be susceptible to excess Ar (Villa 1991 (Villa , 1992 , but in the dating of an eruption of Vesuvius at 79 A.D., Renne et al. (1997) detected small amounts of excess Ar even in sanidine. Leucite, although rare, occurs in basic to ultrabasic rocks of Tertiary or younger age. Its absence in older rocks may result from its alteration to analcite with the loss of K (Deer et al. 1992) . Nepheline is relatively common in alkaline rocks but it has not been widely used in K-Ar and 40 Ar/ 39 Ar dating. Neither leucite nor nepheline are found in metamorphic rocks, so at Þ rst glance, determining the Ar diffusivity and solubility might seem unimportant. However, understanding the relationship among crystal structure, Ar solubility, and Ar diffusion in these mineral lattices can help to quantify the role of other mineral structures upon the mechanisms of trace-element diffusion, and perhaps lead to improved Ar-Ar dating of volcanic rocks, particularly young alkaline and potassic ultrabasic volcanic systems.
Argon transport kinetics and solubility within minerals should be able to form the link between movements of trace-element atoms at the unit-cell scale and diffusion across whole grains in nature, because, unlike other trace elements, noble gases do not react with elements forming the lattice, and their movement is controlled simply by atomic radius. The feldspathoid and feldspar families are also ideal mineral sets for this study because their anhydrous nature gives them greater stability during experimental runs and they preserve a comprehensive range of microtextures that affect diffusion, including simple 3-D frameworks (K-feldspar and plagioclase), systems with oriented structural channels (nepheline), through to minerals exhibiting major phase changes and twinning (leucite). The present study was intended to measure the effect of lattice structure upon Ar diffusion and solubility, and investigate the relative importance of full grain or sub-grain (domainal) diffusion within these minerals.
Of particular importance are two features of leucite, the welldocumented low-to high-temperature tetragonal-cubic phase transition at 645-665 °C and strong twinning, which appears only in the low temperature form (Palmer and Salje 1990; Palmer et al. 1997 ). As leucite is heated through the phase transition, twinning planes disappear, only to reappear in the same position as the lattice cools through the phase transition temperature. This memory effect is the result of pinning of twin walls by defects, which are not displaced during the phase transition (Heaney and Veblen 1990) . We aimed to test whether either the twin planes or the defects act as fast diffusion pathways for Ar.
The leucite structure is composed of a framework of corner-sharing (Al,Si)O 4 tetraheda arranged in four-, six-and eightfold rings. The sixfold rings are arranged axially, forming structural channels parallel to <111> ( Fig. 1) (Palmer et al. 1997) . The low-temperature tetragonal leucite structure contains two kinds of sixfold tetrahedral rings containing off-center K + ions ( Fig. 1 ) with a mean K-O bond length of ∼3.0 Å at 0 °C, which act as "bottle-necks" thereby constricting the <111> structural channels. At higher temperatures, the structure distorts and expands and the K + off-centering decreases ( Fig. 1 ), resulting in a mean K-O bond length of ∼3.35 Å at ∼660 °C (Palmer et al. 1997) . This results in the inß ation of the structural channels along <111>, thereby potentially allowing greater access for Ar, which has an atomic radius of 1.77 Å (Fig. 1 ) (Zhang and Xu 1995) . Nepheline is also of interest in Ar-diffusion studies, comprising as it does an hexagonal, tridymite-type, open 3-dimensional SiO 4 and AlO 4 tetrahedral framework with interstitial charge-balancing cations. Importantly, the nepheline lattice contains c-axis oriented channels (Deer et al. 1992) , which may act as enhanced pathways for Ar movement. This allows us to compare the effect of one-directional channels in nepheline with multi-directional channels in the high-temperature form of leucite.
Leucite experimental annealing experiments were run at 1 kbar Ar pressure for 549-1000 °C and durations of 3 days to 5.8 months, and were analyzed for Ar distribution using an electron microprobe. One nepheline sample was treated at 1 kbar Ar pressure, 750 °C for 7 days, and analyzed using an ultra-violet laser ablation micro-probe (UVLAMP).
SAMPLE DESCRIPTIONS
Sample VS-3 (supplied by I.M. Villa, University of Bern) was collected from the Roman Volcanic Province in the Alban Hills, Central Italy, where many of the silica-undersaturated, K-rich lavas and ignimbrites of the Alban Hills volcano contain leucite (Radicati di Brozolo et al. 1981; Villa 1991) . The large centimeter-sized euhedral phenocrysts used in this study originate from evolved tuffs (the Villa Senni marker tuff).
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Ar age spectra of these leucites are ß at, yielding average ages of 0.342 ± 0.16 Ma (Radicati di Brozolo et al. 1981) in close agreement with the 0.35 Ma age for the Villa Senni tuff eruption and caldera formation (Bernadi et al. 1982; Villa 1992) .
Leucite sample L43 (supplied by D.C. Palmer, Open University) consists of phenocrysts from a gravel deposit at Quatro Miglio, near Rome, Italy (D. Palmer, personal communication). The average composition of the L43 leucite obtained from the electron microprobe is very similar to VS-3 (Table 1) .
DifÞ culties were encountered in obtaining gem quality nepheline specimens. A small fragment of nepheline sample 1029, from Vesu- 
Sample preparation and experimental runs
Large (~8 mm 3 for VS-3, ~5 mm 3 for L43) euhedral leucite crystals were sectioned into ∼1 mm slices using a Buehler Isomet low-speed saw and polished using 0.3 μm Al 2 O 3 powder to reduce damage to the surface exposed to Ar. Individual 2-3 mm pieces of polished leucite were prepared to run in cold-seal vessels and gas vessels in the Experimental Petrology Facility at the University of Edinburgh. Nine leucite samples were annealed in cleaned Nimonic 105 cold-seal vessels, in vertical furnaces, at constant temperatures ranging from 549 to 813 °C, 1 kbar Ar pressure, using standard commercially available compressed Ar, 99.995% purity, with a 40 Ar/ 36 Ar ratio of 299.4, for durations of 3 to 175 days (Table 2) . For each experiment, samples were loaded into 3 mm diameter gold tubing, with a small piece of tantalum placed in one end separated from the sample by gentle crimping of the capsule. A small piece of tantalum was included in the capsules as a getter for trace gas impurities in the Ar-pressure medium. Red-hot tantalum will absorb up to 0.3 wt% H (Pirani 1905) and tantalum oxide cannot be reduced by 1 bar H 2 at 1250 °C (Friederich and Sittig 1925) . The ends of the gold capsule were loosely folded, or crimped to form a tri-cornered end. One small 2 mm 3 nepheline crystal with obvious crystal faces was chosen to run in a cold-seal vessel at 750 °C, 1 kbar Ar pressure, for 7 days (Table 2) .
Two leucite samples were annealed in internally heated gas vessels, at temperatures of 900 and 1000 °C, 1 kbar Ar pressure, using standard commercially available compressed Ar (as above), for durations of 7 and 3 days respectively ( Table 2 ). The samples were loaded into 4 mm diameter platinum tubing, with a small piece of tantalum placed in one end separated from the sample by gentle crimping of the capsule. The ends of the platinum capsule were loosely folded.
In a set of reversal experiments to induce Ar loss, two previously treated leucite samples (813 °C, 1 kbar Ar, 14 days, and 749 °C, 1 kbar Ar, 30 days) were reheated under vacuum conditions. The samples were loaded into cold seal vessels and heated at 600 °C in vacuum conditions for 3.0 to 6.9 days respectively (Table 2) . Cold-seal experiments were quenched isobarically with a compressed air hood, inducing exponential cooling, with a temperature fall to below 100 °C taking approximately 10 min. Quoted experimental sample temperatures are ± 5 °C of the reported values, and Ar pressures are ± 10 bar.
Upon removal from the cold-seal vessels, some of the leucite samples had a thin dark brown deposit on their surfaces. This coating was found to be due to trace carbon precipitation from carbonized wax contamination on the drawn gold tubing, which had not been completely removed by degreasing. An attempt was made to remove the coating by immersing the samples in a mixture of de-ionized water with little acetone, however, the coating could not be removed. The porous carbon coating, which also was observed in earlier experiments on K-feldspar, did not hinder Ar diffusion (Wartho et al. 1999) .
After experimental treatment the leucite samples were mounted in individual epoxy resin blocks and were ground down and polished until the center of the grains was exposed.
Argon data analysis
Argon analysis of the leucite samples was carried out using a Cameca SX100 wavelength dispersive (WD) electron microprobe (EMP) at the Open University using the Kα X-ray line, measured on the pentaerythritol (PET) WD spectrometer crystal. For Ar analysis, the EMP count rate was calibrated using three silica glass standards, supplied by K. Roselieb (Roselieb et al. 1997) , with Ar concentrations of 10200, 138, and 66 ppm Ar. Beam conditions of 15 kV accelerating voltage, 300 nA beam current, 2 μm spot size, and 60 sec count time were used, the same as employed by Roselieb et al. (1997) on an EMP study of Ar distribution in quartz. In common with the Þ nding of Roselieb et al. (1997) , these beam conditions revealed no time dependence of count rates during the 60 sec count times.
The Ar detection limit was estimated to be 35 ppm in spot mode (3× greater than the background count rate). The harsh beam conditions resulted in pit sizes of approximately 5-7 μm in diameter. For the Ar and Fe X-ray maps, the same beam conditions were used at 0.5 μm resolution with counting times of 500 milliseconds. Beam conditions for major-element spot analyses were 20 kV accelerating voltage, 20 nA beam current, 2 μm spot size, and 15-50 s count times.
The high solubility of Ar in leucite resulted in very high concentrations allowing analysis using the electron microprobe. However, this was not the case for nepheline, and the more-sensitive UVLAMP technique (Kelley et al. 1994) was employed. This technique has been used successfully to measure Ar diffusion and FIGURE 1. Leucite channel structure viewed parallel to [11 -1] as a function of temperature. The upper sixfold tetragonal ring is shown in black, the lower ring in white, and the K + ions (circles) are positioned above each of the sixfold rings (Þ gure adapted from Palmer et al. 1997) . At higher temperatures, the framework expands and the K + ions move off center, allowing the channels to fully inß ate. A schematic Ar atomic radius is shown for comparison. solubility in K-feldspar (Wartho et al. 1999) .
Argon analysis on one treated and one untreated nepheline sample was carried out using the UVLAMP. A pulsed quadrupled Nd-YAG laser (λ = 266 nm) with a pulse length of 10 ns, a repetition rate of 10 Hz, and a beam diameter of ~10 μm was rastered over square regions (200 × 200 − 300 × 300 μm and approximately 14-35 μm total depth) ablating 1.7-5.9 μm per layer. A Märzhäuser computerized X-Y stage, attached to a customised Leica DMR microscope, was used to control the raster speed (20 μm/s) and the size of the laser pit. Raster run times were typically 8 minutes for a 200 × 200 μm square. The Ar isotopes released after the ablation of each layer were cleaned using 3 SAES NP10 getters and analyzed using a high-sensitivity MAP 215-50 mass spectrometer. Further details regarding the mass spectrometer and the UV laser technique can be found in Kelley et al. (1994) and Wartho et al. (1999) . For the treated nepheline sample, depth proÞ les were obtained normal to the c-axis, and on a crystal face at an oblique angle to the c-axis. Laser pit depths were measured using a non-contact vertical scanning interferometer (an RST Plus at John Moores University, Liverpool, U.K.), to calculate the volumes of ablated material and hence calculate concentrations of Ar.
RESULTS
Details of the cold-seal and gas-vessel experiments are presented in Table 2 . Tables 3 and 4 1 give the full data set of the EMP leucite Ar traverses and UVLAMP nepheline depth proÞ les measuring Ar concentrations respectively. Table 5 shows the Ar diffusion and solubility results of modelling of the Ar proÞ les. Figure 2 shows typical Ar spot traverses carried out on all the leucite samples, except for sample 750 ºC, 1 kbar Ar, 7 days, which is shown separately in Figure 3 . The leucite Ar spot traverses, major and minor element spot traverses, and Ar and Fe X-ray maps were obtained using the automated X-Y stage to control the beam movement and spacing from the grain edge to the center, or completely across the grains (Figs. 4-8) , and raster squares to yield the X-ray maps (e.g., Fig. 5a ).
Figures 4-8 show secondary and back-scattered electron images of the leucite samples overlain with Ar X-ray maps.
These are the Þ rst images of Ar penetration within a K-bearing mineral. The high beam current used for viewing in secondary and back-scattered electron mode, X-ray mapping, and Ar spot analyses along the traverses damaged the surface of the leucite samples, in particular along lines of defects, revealing twinning plane boundaries and fractures exposed at the polished surfaces (Figs. 5b, 6b, and 8b) . False color images have been used to enhance the original black and white X-ray images. Using the formula of Castaing (1951), we estimated the temperatures induced in the area of the electron beam, with the beam size and current we used, to be around 180 °C in leucite and as high as 300 °C in the glass standards. Although temperatures of 180 °C are unlikely to cause signiÞ cant Ar loss during the short duration of the analyses, we will discuss the possibility of producing artifacts where spot and X-ray map analyses overlapped. The X-ray map shown in Figure 4 shows no effects of the earlier spot analysis, indicating that Ar loss during analysis is not an important source of error. Figures  5c, 6c , and 8c show some apparent evidence of Ar loss from earlier spot analyses and X-ray maps. However, this effect is not due to Ar loss, but instead is a function of the large amounts of damage caused by the harsh beam conditions employed, with any further analyses on the same regions resulted in diminished Ar signals because the electron beam was focussed on the polished surface and not on the deeper damaged areas. Hence, there was little or no interaction of the electron beam with the surface of the leucite samples, which resulted in no Ar signal.
Argon analysis using the electron microprobe technique has been used successfully in several studies on glasses (e.g., White et al. 1989; Carroll 1991; Carroll and Stolper 1991, 1993; Draper and Carroll 1995) and in one study on quartz (Roselieb et al. 1997) .
The Ar penetration proÞ les in leucite obtained by EMP proved to be considerably more complex (Figs. 2, 3 , and 9) than EMP analyses of Ar diffusion studies of silicate glasses (e.g., Carroll and Draper 1994) , or Ar diffusion proÞ les in K-feldspar measured using UV-LAMP (Wartho et al. 1999) . Inspection of the Ar penetration proÞ les in leucite shows that a simple diffusion solution cannot fully model the particular forms of Ar variation from grain rim to core. This is particularly evident in Figure 3 , where a classic diffusion solution would give a U-shaped proÞ le, instead of the more V-shaped proÞ le that is observed. Some Ar proÞ les did resemble conventional diffusion proÞ les [e.g., samples 813 °C, 14 days (Fig. 10 ) and 749 °C, 30 days (Fig. 2) ]. However, although the full complexity of Ar penetration proÞ les cannot be modeled robustly in terms of classic volume diffusion, the overall penetration distances for a given duration of experimental heating are robust. This arises because of the Dt (D = diffusion coefÞ cient, t = time) term in the solution, which ensures that even moderate errors in the overall Ar penetration proÞ les would have a small effect on the calculated D values. Therefore, although the intricacies in the value of D are not derivable from the present data, the D values are still valid. For these purposes, we used simple semi-inÞ nite (nepheline) and plane sheet (leucite) diffusion equations to quantify the results. The nepheline data for the 40 Ar gain proÞ les were modeled using second-order Fickian diffusion equations (Eqn. 3. Argon solubility vs. distance for the rim-to-rim electron microprobe spot traverse across leucite sample 750 ºC, 1 kbar Ar, 7 days duration. Figure 7c shows the position of this Ar spot traverse on the sample. The three low-Ar analyses at the rims of the sample are due to interaction with the epoxy resin. 1) for transport normal to the surface of the solid assuming a semiinÞ nite medium:
where C is the concentration of the diffusing substrate ( Ar concentration in the sample, x is the distance measured from the surface, t is the run duration, and erfc and erf are the error function complement and error function, respectively (Crank 1975) .
The leucite data for the Ar gain and loss proÞ les were modelled using second order Fickian diffusion equations (Eqs. 
where C 1 is the concentration at the grain boundary for the case of Ar gain, R is the gas constant, l is the half width of the plane sheet, and other parameters are as deÞ ned in Equation 1. The uncertainties quoted in the data are considered in several categories. The uncertainty in a single proÞ le includes the analytical uncertainties of the individual EMP Ar spot or UVLAMP analyses (Tables 3 and 4 ) and the uncertainty taken from the calculated Þ t of the data to the inverse error function or inverse error function complement linear regression, using the line Þ t equation of (York 1969) A false-color Ar X-ray map. Low Ar concentration regions can be observed close to the Ar and major-and minor-element spot traverses, which were analyzed before the X-ray map was obtained (arrows 2). The high concentration Ar spike observed in the Ar spot traverse (Fig. 2) can be identiÞ ed in the Ar X-ray map (arrow 3). Fig. 3 ) across the leucite grain. The black bars indicate observed Ar steps in the Ar spot traverse (Fig. 3) . (Fig. 2) . (C) A false-color Ar X-ray superimposed on a secondary electron image. Two lines of high Ar concentrations can be seen corresponding to the twinning lamellae kink bands (arrow 2). A line of lower Ar concentrations is observed close to the Ar spot traverse, which was analysed before the X-ray map was obtained (arrow 3). The high Ar concentration spike observed in the Ar spot traverse (Fig. 2) can be identiÞ ed in the Ar X-ray map (black star and arrow 4). 
▲
The Ar penetration proÞ les are summarized in Figure 2 and three crucial observations can be made from this Þ gure. First, there is a very marked contrast between samples run below 645 °C, the tetragonal/cubic transition temperature, and those run at higher temperatures. Samples run at low temperature contain 70 ± 20 ppm Ar (at 1 kbar), almost an order of magnitude less than those run at higher temperatures, which have a mean concentration of ∼750 ± 140 ppm (at 1 kbar) (Table 5 ). This feature of leucite is extremely unusual, and other minerals such as alkali feldspar and plagioclase exhibit concentrations of less than 1 ppm of Ar when treated at 1 kbar Ar pressure (Kelley 2002; Wartho et al. 2004a Wartho et al. in preparation, 2004b . The second observation is that all proÞ les exhibit spikes in Ar concentration, generally detected in individual EMP spots and are not related to the concentration in the surrounding lattice. Third, none of the proÞ les reach zero Ar concentration even at distances of up to 150 μm into the leucite slabs. Although some of the proÞ les [e.g., samples 813 °C, 14 days (Fig. 10) and 749 °C, 30 days ( Fig. 2) ] resemble conventional diffusion proÞ les, others [e.g., samples run at 750 °C for 7 days (Fig. 3) , and 813 °C for 14 days (Figs. 2 and 8a-8c) ] show stepped concentration proÞ les, or little change in concentration from crystal edge to core [e.g., the sample run at 646 °C for 175 days (Fig. 2)] .
DISCUSSION
This Þ rst-ever study of the effects of a phase transition upon Ar solubility in a mineral has revealed astounding changes in Ar solubility. At 1 kbar, solubilities of 70 ± 20 ppm below the phase-transition temperature seem to contrast strongly with solubilities of 750 ± 140 ppm above the phase-transition temperature of 645-665 ºC (Fig. 2 and Table 5 ). This solubility ratio of 11:1 for the leucite high-temperature-cubic/low-temperature-tetragonal structures is somewhat lower than that for OH solubility in α-/β-phase olivine at 20-40: 1 (Young 1992; Kohlstedt et al. 1996) , but reß ects the substantial lattice change across this transition.
With increasing temperature, the leucite a axis expands and the c axis contracts, thereby opening up channels within the structure with the result that high-temperature cubic leucite may act as an "Ar sponge" resulting in Ar concentrations of 750 ppm (at 1 kbar). Even in the low-temperature tetragonal leucite Ar, concentrations of 70 ppm are high in comparison with other feldspars and feldspathoids (typically between 0.2-0.7 ppm at 1 kbar) (Kelley 2002; Wartho et al. 2004a Wartho et al. in preparation, 2004b and are more in line with silicate glasses [∼30-1800 ppm at 1 kbar (Carroll and Draper 1994) ]. This high Ar solubility found in both the low-and high-temperature leucite phases may account for the common observations of excess Ar found in leucites (Villa 1991 (Villa , 1992 .
In comparison to leucite, the Ar solubility in nepheline, which has c-axis oriented channels, is very low at 0.15-0.31 ppm at 1 kbar, which is lower than K-feldspar (Kelley 2002; Wartho et al. 2004b in preparation) .
EMP Ar X-ray maps and spot traverses from edge to core on leucite samples reveal spikes in Ar concentration, which appear in the samples both below and above the transition temperature (Figs. 2 and 4c-7c) . Trails of Ar high concentration spots, which can be seen in X-ray maps of Ar, follow sealed fractures and cracks (Figs. 4c-7c) , are related to Fe-rich inclusions (Figs. 7b and 7c) , and occur along twin-plane kink bands (Fig. 8c) . However, many Ar high-concentration spots do not relate to other features and may simply be ß uid or melt inclusions that became Þ lled with Ar during the experiment via pathways out of the plane of the section. In studies of K-Ar ages linked to K-feldspar perthitization, Foland (1974) suggested that boundaries of perthite lamellae, which he regarded as discontinuous, provide pathways for rapid Ar transport. However, FIGURE 9. Argon concentration vs. distance proÞ les from grain rims to cores for vacuum reheated samples, 813-600 ºC for 3.0 days (white triangles, dashed lines) and 749-600 ºC for 6.9 days (black circles, solid line). (Table 5) . coherent boundaries in perthites have been rejected as pathways for fast transport of Ar in K-feldspar (Parsons et al. 1988) . In the present study of Ar distribution in leucite, we have found no evidence that the lamellar and merohedric twin planes or pinning defects act as fast pathways for Ar diffusion, suggesting that twin planes are indeed coherent boundaries in feldspathoids.
The apparent Ar diffusion parameters for high-temperature leucite measured in this study differ from those measured by Evernden et al. (1960) and calculated from Villa and Trigila (1993) (Fig. 11) . The high-temperature (646-1000 °C) diffusion data from this study yields a poorly deÞ ned linear trend (Fig. 11) . Unfortunately, the low-temperature samples were run for such long durations that the samples appear to be close to equilibrium, yielding no recoverable diffusion proÞ les. However, two samples, those originally run at 749 and 813 ºC at 1 kbar Ar pressure, were reheated at 600 ºC under vacuum for 6.9 and 3.0 days, respectively. Both these samples show evidence of wholesale Ar loss and their original ca. 770 ppm Ar fell to ca. 40-100 ppm Ar for the 3 day run, and close to zero for the 6.9 day experimental run (Fig. 9) . Clearly, the reverse experiment reproduced the rapid diffusion rates seen in the earlier experiment (Fig. 11) . Despite this very rapid loss of Ar, there are still observable Ar spikes in both the reheated samples (Fig. 9) . In addition, no high spikes were detected during this reverse study, although there were some small spikes in the proÞ les (Fig. 9) , indicating that the inclusions were also emptied during the vacuum heating. Evernden et al. (1960) calculated an activation energy (E) of 185.6 kJ/mol and frequency factor (D o ) of 330 cm 2 /sec from a three-step vacuum furnace heating experiment (310-550 °C) on leucite (Fig.  11) Ar K loss during a vacuum stepheating study on leucite sample VS-3 (one of the samples used in this study) by Villa and Trigila (1993) , using a grain radius of 60 μm (I.M. Villa, personal communication) (Fig. 11) . The two values do not coincide and the differences may be due to the nature of vacuum furnace step-heating, temperature measurement, or variations in grain sizes used in the experiments. During vacuum furnace heating, the samples are heated incrementally and then cooled between each temperature step. In contrast, the isothermal nature of the cold-seal and gas-vessel experiments, where the vessels and their contained samples are quenched in compressed air at the end of the runs, may better preserve the individual Ar proÞ les and diffusion parameters in each sample.
The Ar diffusion parameters of Evernden et al. (1960) yield a leucite Ar closure temperature (T c ) estimate of 193 °C for a 100 μm radius spherical grain with a cooling rate of 100 °C/Ma. Given the quoted uncertainty of the temperature measurements (± 15%) for the Villa and Trigila (1993) 11 ) yield a closure temperature of 151 °C using the same size grain and cooling rate as above. The two closure temperatures are slightly different, and although the near resemblance does not constitute proof that this is a true closure temperature, it does indicate that rates of diffusion were much faster than for K-feldspar (Fig. 11) , which has a closure temperature of 334 °C, using the low-temperature diffusion parameters of Wartho et al. (1999) (i.e., E = 198.2 kJ/mol and D o = 0.0374 cm 2 /s), for the same grain size and cooling rate. No nepheline closure temperature could be calculated as only one treated sample was analyzed. However, proÞ les from this nepheline sample suggest that Ar diffusion in nepheline may be slower than in leucite and within errors of Ar diffusion rates in K-feldspar (Fig. 11) .
In addition to providing an estimate of Ar diffusion rates in nature, the diffusion parameters also allow us to estimate the effects of electron beam heating during the experiment. Assuming one-dimensional diffusion to the surface at a temperature of 180 ºC, signiÞ cant Ar (50%) would be lost in the uppermost micrometer of the sample after one hour, and the uppermost 5 μm after one day at that temperature. Clearly, for count times of a few tens of seconds, the loss from within the analyzed volume would not have signiÞ cantly affected our results. The greater error in this measurement would have been the glass standards, which were heated to as much as 300 ºC. However, the effects are only slightly greater and cross-calibration between glasses of different composition reduces the possible sources of analytical uncertainty.
Although the Ar penetration proÞ les in leucite were modeled assuming Fickian diffusion, as this is the most common diffusion process in silicate minerals, several discordancies were observed in the leucite Ar proÞ les and X-ray maps that suggest that Ar penetration in leucite may show a more-complex behavior. One full-length Ar spot traverse across sample 750 °C, 1 kbar Ar, 7 days shows evidence of steps in the concentration proÞ le (marked with black bars on Figs. 3 and 7c). These steps in the Ar proÞ le are observed in the proÞ les from both sides of the grain, but are not exactly in the same positions within the proÞ le [i.e., 35 and 61 μm from the rim to the start of the step for proÞ le A and Aʼ respectively (Figs. 3 and 7c) ]. One proÞ le roughly coincides with a band of slightly higher concentrations observed in the Ar X-ray map (Fig. 7c) . Two Ar concentration proÞ les from either side of samples 668 °C, 1 kbar Ar, 147 days, and 813 °C, 1 kbar Ar, 14 days indicate a long (∼30 and 60 μm respectively) ß at portion ) cm 2 /sec. The nepheline Ar diffusion data from two Ar proÞ les in one treated sample (black circles) are shown with associated errors. Also shown for reference are the leucite vacuum furnace stepheating data of Evernden et al. (1960) (black squares and dotted line) and Villa and Trigila (1993) (white squares and dotted line), and the low-and high-temperature Ar diffusion arrays for K-feldspar (dashed lines) (Wartho et al. 1999). at the beginning of each proÞ le (Figs. 2, 5c , and 8c). These steps again roughly coincide with a high Ar concentration front observed in the Ar X-ray maps (Figs. 5c and 8c ). These step interruptions and penetration fronts do not appear to conform to a standard Fickian diffusion proÞ le and may indicate either anomalous diffusion in leucite, or interaction between micro-pores or micro-inclusions and Ar diffusion in the crystal. The presence of empty inclusions during Ar ingress may introduce chemical gradients other than the gradient to the grain boundary and thus affect the shapes of Ar concentration proÞ les. A similar mechanism has recently been invoked to explain anomalous proÞ les in quartz (Watson and Cherniak 2003) .
No zero Ar concentrations were found in the grain centers of any of the treated leucite samples (Fig. 2) . This Þ nding was initially thought to be due to the rapid transport of Ar in leucite, with the samples almost achieving equilibrium as a result of the long run times. Two reversal experiments in which Ar loss was induced from original high-temperature samples (800-600 °C, vacuum, 3 days and 749-600 °C, vacuum, 7 days) showed Ar rim values of 40-60 ppm and 0-10 ppm respectively. The 0-10 ppm Ar rim values from sample 749-600 °C indicate complete degassing at the edges of the grains, as these values are below the electron microprobe Ar detection limit. The rim values from sample 813-600 °C do not reach zero, and instead show some ß at step portions ca. 24-42 μm long with Ar values of ca. 40-60 ppm (Fig. 9) . These features are not indicative of simple Fickian diffusion and instead indicate the inß uence of two sites, one within the mineral lattice and one that may be associated with micro-pores or micro-inclusions. Moreover, Villa (1994) has shown that some aspects of Ar diffusion in K-feldspar may reß ect a more complex diffusion mechanism, and Watson and Cherniak (2003) recently highlighted the effect of micro-inclusions in quartz.
